Chemical and enzymatic methods were used to synthesize a transition (AT to GC) and a transversion (AT to TA) at a lac operator site known to interact with lac repressor through the thymine 5 methyl group. These operators also contained a poly(dA)-poly(dT) tail 8 to 12 base pairs in length at one end. Results suggest that the steric constraints of lac repressor relative to the position of the 5 methyl group are quite critical. For example a seven fold reduction in stability was observed for the transversion. Results also suggest that the operator spans at least 21 base pairs.
INTRODUCTION
Previous results from this laboratory indicate that the 5 methyl group on thymine at position 13 ( Figure 1 ) is a major lac repressor recognition site (1) . Additional data also suggests that the methyl groups at positions 6 and 7 are minor but specific recognition sites (5, 6) . The transversion from adenine-thymine (A-T) to thymine-adenine (T'A) at any of these sites is therefore of interest. Such a transversion shifts the o methyl group approximately 13 A and to the opposite side of the major groove. The consequence of this shift is unknown since this transversion was not found among the sequenced operator constitutive (0 c ) mutants (3) . The objective of the research outlined in this paper was therefore two-fold. (1) Prepare lac operator containing the base pair change A-T to T-A at sites 6, 7 and 13. (2) Measure the stability of these lac repressor-lac operator (RO) complexes. As a consequence of these experiments, additional information on the size of the lac operator and the steric constraints on the interaction at sites 6,7 and 13 has been obtained. Below the sequence is shown the increase (+) or decrease (-) in methylation of purines by dimethylsulfate in the presence of lac repressor (2) . Also shown directly below the appropriate positions are the sequence changes for various operator constitutive mutants (3) and the thymine sites crosslinked with repressor in the presence of uv light when 5-bromouracil replaces thymine (4) . The heavy lines above and below the sequence delineate 2-fold symmetric regions. The dyad axis is indicated by the arrow.
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MATERIALS AND METHODS
Commercial sources for various chemicals, reagents, and enzymes have been listed elsewhere (5, 7) . Deoxynucleotidyl terminal transferase was purchased from P. L. Biochemicals. One unit of enzyme catalyzes the incorporation of one nanomole of deoxyadenylate into oligonuclaotide per hour at 37° C, pH 6.8 with d(pT), as primer (S). The P. L. Biochemicals minimal nuclease preparation was used. T4-ligase, T4-kinase, E. coli DNA Polymerase I and lac repressor were isolated as described previously (9) . Thymidylic acid polymers of defined sizes were a gift from Dr. M. Downing. These polymers were prepared using a published procedure (10) .
The chemical and enzymatic syntheses of lac operator deoxyoligonucleotides were carried out according to published procedures (7, 11) . The membrane filter assays were performed basically as described previously (12, 13, 14) . Adaptations of this method to our system have been published (9) . The duplexes used are partitioned and numbered. Below the operator are partial sequences written 3' to 5'. Lines are used wherever possible for unmodified nucleotides. The column of hyphenated numbers in brackets are abbreviated names for these segments and refer to the deoxyoligonucleotides that were chemically synthesized. Parentheses enclosing a number and symbol define a base change within a segment. The letters A or T refer to a polymer of deoxyadenylic or thymidylic acid with an average size defined by the subscript. As an example, segment [5a-6 (13C) A 10 _ 14 l refers to a deoxyoligonucleotide composed of segments 5a and 6 where site 13 has cytosme inserted for thymine and the 3'-end of segment 6 has been extended by 10 to 14 adenylic acids. Above the lac operator, duplexes are named by the Roman Numerals. Parentheses indicate sequence modifications within these duplexes. The position of the modification is followed by the base pair at that site. As an example, duplex III (13 G-C) refers to duplex III where site 13 has been altered to contain a guanine-cytosine base pair. All duplexes designated III contain a poly dA-poly dT sequence.
in the filter binding assays were labeled using a published procedure (15) . EXPERIMENTAL Duplex III, duplex III (13 T-A), and duplex III (G-C) were prepared by a combination of chemical and enzymatic procedures. The sequences for these duplexes and additional deoxyoligonucleotides used in their synthesis are shown in Figure 2 . The synthesis of duplex III (13 G'C) is outlined schematically in Figure 3 . The first step was chemical synthesis of segment 6(13C) from an intermediate whose synthesis has been published (7).
The next step was T4-ligase catalyzed synthesis of segment [5a-6(13O]. A critical step was separation of the template (segment 3) from segment [5a-6(13C)]. Otherwise subsequent steps
IPOI I Repair Synthesis Vising p(dT) 13 Duplex III (13 G-C) Figure 3 . Steps in the synthesis of duplex III (G'C).
would lead to more than one duplex. Homogeneous segment [5a-6-(13C) ] was next extended enzymatically using deoxynucleotidyl terminal transferase and dATP. By adjusting the concentration of enzyme, dATP, and primer, the addition of 10-14 deoxyadenosine nucleotides was possible. The final step was repair synthesis using [5'-32 P]p(dT).... as primer and segment [5a-6(13C)-A 1 g_^4J as template. The same synthetic steps were used to prepare the remaining two duplexes. A detailed presentation of these synthetic steps follows.
Synthesis of d(T-
The chemical synthesis was completed using procedures outlined previously (7) . The protected deoxyoligonucleotide, d(MeOTr)T-bzA-T-anC-anC-ibG-anC, whose synthesis has been described (7) was used as starting material. Condensation with appropriate dinucleotides completed the synthesis of these two undecanucleotides. A summation of reaction conditions and product yields is presented in Table 1 . All intermediate steps were monitored by paper and thin layer chromatography at the completely protected, partially protected and completely deprotected stages. The undecanucleotides were freed of all protecting groups and purified by chromatography on DEAE-cellulose packed in 7M urea. The sequences of these deoxyoligonucleotides were checked by the two dimension sequencing technique (16) . Both compounds displayed a major set of spots which confirmed the nucleotide sequence of the synthetic products ( Figure 4 ). When compared to the two dimension pattern of d(T-A-T-C-C-G-C-T-C-A-C), the insertion of deoxycytidine or deoxyadenosine for thymidine followed the expected mobility shifts. When analyzed carefully by prolonged exposure to x-ray film, both samples were found to contain minor unidentified impurities.
Synthesis of segment [5a-6(13C)] and segment [5a-6(13A)]:
The sequences for segment [5a-6(13C)] and segment [5a-6(13A)] are (0.12M), MgCl, (8mM), DTT (5mM), the four deoxynucleoside triphosphates (0.1 mM each) and E. coli DNA polymerase I (500 units/ ml). Analysis of the reaction mixture is shown in Figure 5 , gel 3. Essentially complete repair of the primer was observed. Similar results (not shown) were obtained for duplex III (13T-A) and duplex III (13 G*C). Each duplex was freed of excess primer and other reagents by column chromatography (lxl80cm) on BioGel A (0.5M) using 10 mM triethylammonium bicarbonate at 4°C. Analyses of the duplexes on nondenaturing gels are shown in Figure 5 , gels 4 and 5. As expected, somewhat diffuse patterns were obtained since the number of deoxyadenosine nucleotides varied in each sample (10-14 nucleotides). However all duplexes are about the same size and migrate somewhat more slowly than duplex I (26 base pairs) on the same gel. The half-life (t, = 0.693/k,) of the complex formed between *5 a duplex III and repressor was also determined. At 0.05M ionic strength, excellent first order decay kinetics were followed for almost two minutes with a half-life of 24 seconds. The data is shown in Figure 7 . RO complexes with duplexes III (T-A) and III (G-C) could not be detected using the nitrocellulose filter assay.
Therefore in order to obtain quantitative data on these duplexes, the competition equilibrium method (14) were reported previously (19) . Similarly the data for uracil (1) and bromouracil (5) substituted operators have also been reported. b. The dissociation of these RO complexes was complete by 15 seconds. c. Apparent equilibrium dissociation constants calculated using the equilibrium competition method and based on the experiments shown in Figure 7 .
d. (-) indicates that the modification weakens the RO interaction (i.e. increases the binding free energy). Identical reaction conditions including an ionic strength of 0.05M were used for all experiments. labelled duplex III was mixed with repressor and variable amounts of either duplex III (T'A) or duplex III (G*C). After equilibrium had been established, samples were filtered and the retention of radioactivity on the nitrocellulose filters was measured. The results obtained with these two duplexes are shown in Fiqure 3. The Quantitative treatment of this data was developed by Lin and Riqqs (14) and can be described by the following equation.
X is the apparent equilibrium dissociation constant for repressor binding to either duplex III (13 T'A) or duplex III (13 G-C). K__ is the equilibrium dissociation constant for the repressor-duplex III complex. R is the total repressor concentration, 0 is the total unmodified operator concentration, and D, is the concentration of competing duplex III (13 T-A) or duplex III (13 G-C) that reduces the fraction saturation of labelled duplex III by repressor to 0.5. The apparent equilibrium dissociation constants calculated for duplexes III (13 T-A) and III (13 G-C) are presented in Table 3 .
DISCUSSION
The objective of this research is to further define the recognition restrictions placed on a lac operator site known to interact specifically with lac repressor. Previous research has shown that the methyl group on thymine at position 13 is an important lac repressor recognition site (1) . The data strongly suggests that the transition at this position (A-T to G-C) is a constitutive mutation simply because cytosine lacks the methyl group found on thymine. 13 and yet both duplexes have the same effect on complex stability (Table 3) . Thus these results strongly suggest that the position of the methyl group is very critical in the RO interaction at position 13. Presumably the hydrophobic region of lac repressor that interacts with lac operator is quite restricted in size.
Certainly transposing the methyl group to the opposite side of the base pair places the thymine methyl outside the boundaries of this repressor interaction site. Also of interest is the observation that duplex III forms a less stable repressor-operator complex than does either duplex I or II. Duplex III has a poly(dA)-poly(dT) sequence eight to twelve base pairs long in addition to the 19 base pairs of unmodified operator (Figure 2 ). Therefore this duplex is at least as large as duplex I (26 base pairs) and larger than duplex II (21 base pairs). The apparent K d for poly(dA)-poly(dT) binding to lac repressor is many orders of magnitude higher than the K d for lac operator (14, 20) . Kence it may be safely assumed that the poly(dA)-poly(dT) tail does not compete with the operator for repressor and that the half-life observed for the duplex IIIrepressor complex does indeed reflect the dissociation kinetics of the operator. The results shown in Table 3 indicate that the repressor-duplex III complex has a shorter half-life (24 sec) than does the corresponding duplex I complex (47 sec). Since the duplexes are of similar size, these results suggest that some additional sequence specificity recognized by repressor must lie in the region numbered 1-7 in Figure 1 . Furthermore the duplex III half-life with repressor is even less (24 sec) than is the halflife of repressor with duplex II (37 sec) and yet duplex III is larger by four to eight base pairs. In addition to the poly(dA)• poly(dT) tail, an important difference between duplexes III and II is the sequence at positions 6 and 7 (transversions from AT to TA).
Therefore two methyl groups at these positions are on opposite sides of the major groove relative to the unmodified duplex II operator. Previous evidence using uracil and 5-bromouracil in place of thymine at positions 6 and 7 (see Table 3 and Reference 5) suggests that these thymine methyl groups contribute to the specificity of the RO complex. Of interest is that the half-life of duplex III is the same as for duplex II (6,7 A-U), the operator where thymines at positions 6 and 7 have been replaced with uracil (Table 3) . Therefore taken together, all this evidence suggests that the A-T base pairs at positions 6 and 7 contribute to the specificity of the RO complex and that the orientation of the methyl group is important (A-T and not T*A) at positions 6 and 7. Bahl et. al. (21) have concluded that all the nucleotides essential for the RO interaction are within the sequence 3-24.
However our results with 5-bromouracil, uracil and now the transversion A-T to T-A suggest that minor but specific interactions occur outside this sequence {positions 6,7,25 and 26).
An assumption implicit in these discussions is that poly(dA)-poly(dT) does not alter the configuration of lac operator. Since the conformation of lac operator is not known, this question cannot be answered directly. However the synthetic homopolymer duplex, poly(dA) -poly(dT) , has been found to adopt the B'-DNA conformation (22). This conformation is very similar to B-DNA with the bases being only slightly more skewed o to the helix axis (Y=8°) and having a 3.29 A rise per residue. Thus if lac operator adopts the B-DNA conformation when bound to repressor, then the addition of poly(dA)«poly(dT) should have little effect on the stability of the complex. Of interest however is the pronounced effect of poly(dA)*poly(dT) on the biophysical and biochemical properties of a synthetic block polymer d(C 15~A . 5 )-d(T 15~G15 ). The nucleotide composition of one region of this synthetic double helical DNA affected the properties of a contiguous but remote region (23) . This was shown by the transmission of stability (telestability) from the G*C pairs to the A'T pairs as shown by an increase in T m of the A*T portion of the helix, an increase in the T of the A-T end of the molecule when actinomycin was bound to the G«C end, and an alteration in susceptibility of the A-T end to nuclease attack when actinomycin was bound to the G'C end. Could the poly(dA)-poly(dT) duplex have a similar effect on the RO complex? If the 17 base pair sequence 8-26 contains all the elements important for lac repressor recognition, then the addition of poly(dA)-poly(dT) reduces the stability of the complex by only 50% (t. for duplex III is 24 sec compared to t, of 47 sec for duplex I. This is approximately 1.5 kJ/mol binding free energy. However evidence has been presented that suggests the orientation of base pairs at positions 6 and 7 contributes to the RO interaction. Thus a considerable fraction of the loss in stability upon addition of poly(dA)•poly(dT) is due to the loss of specificity at positions 6 and 7. Therefore if poly(dA)-poly(dT) does have an effect due to telestability, it must be extremely small.
